Abstract The enthalpy and entropy changes associated with protein reduction (DH' rc , DS' rc ) were determined for a number of low-potential iron-sulfur proteins through variable temperature direct electrochemical experiments. These data add to previous estimates making available, overall, the reduction thermodynamics for twenty species from various sources containing all the different types of metal centers. These parameters are discussed with reference to structural data and calculated electrostatic metal-environment interaction energies, and redox properties of model complexes. This work, which is the first systematic investigation on the reduction thermodynamics of Fe-S proteins, contributes to the comprehension of the determinants of the differences in reduction potential among different protein families within a novel perspective. Moreover, comparison with analogous data obtained previously for electron transport (ET) metalloproteins with positive reduction potentials, i.e., cytochromes c, blue copper proteins, and HiPIPs, helps our understanding of the factors controlling the reduction potential in ET species containing different metal cofactors. The main results of this work can be summarized as follows.
1.1At variance with high-potential ET proteins, which invariably possess negative DH' rc values, the reduction enthalpy of low-potential ferredoxins (Fds) may have both signs; most notably, the sign is conserved within each protein family containing a given Fe-S center (with only a few exceptions), in line with the similarity of the interactions of the cluster with the protein environment and the solvent, and changes on passing from one family to that differing for one Fe in the cluster. In particular, DH' rc is negative for proteins containing 1-Fe and 3-Fe centers and positive for those with 2-Fe and 4-Fe centers. Given that the DS' rc values are independent of the cluster type, the reduction enthalpy is thus ultimately responsible for the modulation of the reduction potential of Fds as a function of the Fe nuclearity of the cluster. 2.1A major role in this modulation is played by the inherent properties of the Fe-S cluster in terms of selective stabilization of one of the two redox states. 3.1Fds almost invariably show an entropy loss upon reduction, like all the high-potential ET metalloproteins; this property thus appears to be functional to the optimization of the electron flow between metalloredox partners for reasons that are still unclear. 4.1The negative reduction entropy strongly contributes to lower the potential of Fds, particularly for the mononuclear and trinuclear Fe centers in which it counterbalances the enthalpy change which would favor reduction. 5.1The reduction entropy may change remarkably among the members of the same class possessing a given cluster type, thus appearing one of the main factors responsible for the only partial success of electrostatic models in reproducing variations in E among homologous species. 6.1In agreement with theoretical studies, the different redox couple accessible to the Fe-S cluster in
Introduction
A large part of the work devoted to the comprehension of the biophysical, mechanistic, and kinetic aspects of the biological electron transport performed by iron-sulfur (Fe-S) proteins has been focused on the understanding of the rationale behind the protein control of the reduction potential of the mono-or polynuclear metal cofactor, this property being of utmost importance to their physiological role [1±22] . In particular, the electrostatic interactions between the charge of the cluster and protein atom fractional charges, particularly those of the main-chain amide groups in the vicinity of the cluster, the dipoles induced in the polarizable protein atoms by the cluster and polypeptide charges, the water dipoles, and surface net charges have been suggested to play a major role in the modulation of E' among species containing a given cluster type. Differences in E' between proteins containing a different cluster also include the inherent contribution of the metal center to the selective stabilization of the two redox states. In this work we approached this problem within a thermodynamic perspective. In particular, we have measured the reduction thermodynamics for ten low-potential iron-sulfur proteins (also cumulatively termed ferredoxins, Fds, hereafter) containing all the different types of Fe-S clusters through variable-temperature direct electrochemistry experiments. With the addition of literature data [23±32], we gathered, overall, the redox thermodynamics for twenty different species. This large data set would, in principle, allow information to be obtained on how the enthalpy change accompanying electron uptake by the oxidized protein is influenced by the coordinative properties of the Fe-S cluster and the electrostatic interactions of its charge with the protein environment and the solvent, and how differences between the dynamic and solvation properties of the two redox states affect the concomitant entropy change. Factorization of these two contributions is of great help for understanding how the redox potential is controlled in these species, especially as far as the entropic term is concerned, whose contribution has been neglected in the theoretical and experimental investigations published to date. The importance of this term has been demonstrated recently for cytochromes c [33, 34] , blue copper proteins [35±37], and HiPIPs [8, 13, 38, 39] . Such a systematic investigation, which is unprecedented for this protein class, is a further step of our ongoing investigation of the determinants of the redox thermodynamics of electron transport metalloproteins, which has been carried out in the past on high-potential species such as cytochromes c [33, 40, 41] and blue copper proteins [35±37] . For these species, and for HiPIPs as well [8, 13, 38, 39] , the balance of the enthalpic and entropic contributions to the reduction potential was found to be the same. In particular, a dominant enthalpic term proved to be responsible for the positive E' values, while the smaller, yet relevant, entropic contribution was invariably found to lower the potential. This was interpreted as being indicative of an unique strategy adopted by nature for the control of the reduction potential in these, otherwise unrelated, high-potential electron transport proteins [35] . In this paper we extend the investigation to low-potential species. This is why we also discussed the data for cytochrome b 5 [42] . This protein in fact contains a heme with a bishistidine axial ligation that, besides the Fe-S centers, is the other prosthetic group present in ET species with a negative reduction potential. In this work we found that also these proteins in the entropic term disfavors protein reduction, whereas the enthalpic term, which is mainly determined by the nature of the cluster, may have both signs (at variance with the high-potential species) and is the ultimate determinant of the variations in E' among the various classes with different Fe-S centers.
Materials and methods

Chemicals
All chemicals were reagent grade and were used without further purification. Nanopure water was used throughout.
Protein purification
Ferredoxins I (FdI) and II (FdII) from Desulfovibrio gigas and rubredoxins from Desulfovibrio gigas, Desulfovibrio desulfuricans, and Desulfovibrio vulgaris were isolated as described elsewhere [43, 44] . Ferredoxins from spinach, C. pasteurianum, Spirulina platensis, and Porphyra umbilicalis were from Sigma. The commercial proteins were further purified by gel-filtration chromatography on a Sephacryl S-100 (Pharmacia) column equilibrated with 100 mM phosphate buffer, pH 7.0 and eluted with the same buffer. All species gave a single band on SDS-polyacrylamide gel electrophoresis using a Mini-PROTEAN II system (BioRad), corresponding to the expected molecular weight.
Electrochemical measurements
Cyclic voltammetry (CV), square-wave voltammetry (SWV), and differential pulse voltammetry (DPV) experiments were performed with a Potentiostat/Galvanostat PAR model 273A at dif-ferent scan rates (from 0.01 to 0.5 V´s ±1 ) using a cell for small volume samples (V=0.5 ml) under argon. A 2 mm-diameter pyrolitic graphite disc (PGE) was used as working electrode, with a saturated calomel electrode and a 5 mm-diameter Pt sheet as a reference and counter electrode, respectively. The electric contact between the reference electrode and the working solution is obtained with a Vycor set. Potentials were calibrated against the MV 2+ /MV + couple (MV=methylviologen) [45] . All the redox potentials (E') reported in this paper are referred to the standard hydrogen electrode. The PGE electrode was cleaned by first treating it with anhydrous ethanol for 10 min, then polished with an alumina (BDH, particle size of about 0.015 m)-water slurry on cotton wool for 5 min; finally the electrode was treated in an ultrasonic pool for about 10 min. To minimize residual adsorbed impurities, the electrode was first set at +1 V (vs. SCE) for 180 s, then subject to 10 voltammetric cycles between +0.7 and ±0.6 V at 0.1 V´s ±1 . Modification of the electrode surface was performed by dipping the polished electrode into a 1 mM solution of polylysine (Sigma) for 30 s, then rinsing it with nanopure water [46, 47, 48, 49] . Protein samples, made in 100 mM phosphate buffer (which works as base electrolyte) at pH 7.0, were freshly prepared before use and their concentration, varying over 0.1±0.3 mM, was checked spectrophotometrically.
A single voltammetric wave was observed for each metal center which was either reversible or quasi-reversible. Peak separation in CV experiments varied from 60 to 90 mV for scan rates in the range 0.01±0.5 V´s
±1
. Anodic and cathodic peak currents were almost identical and both were proportional to protein concentration and v 1/2 (v=scan rate), indicating a diffusion controlled electrochemical process. Given the reversibility or quasi-reversibility of the electrochemical process, the symmetrical shape of the voltammograms and the almost negligible influence of the scan rate on the half-wave potentials, the E 1/2 values (taken as the average of the cathodic and anodic peak potentials) can be confidently assumed as the E' values. In the temperature range investigated, peak widths at half height in SWV and DPV experiments were from 120 to 135 mV and from 90 to 120 mV, respectively. The voltammetric responses obtained for the present negatively-charged proteins on bare PGE showed in most cases a decreased electrochemical reversibility with respect to those obtained with polylysine surfacemodified PGE, but yielded comparable potentials.
The temperature dependence of the reduction potential was determined with a ªnon-isothermalº cell [50, 51] , in which the reference electrode is kept at constant temperature (210.1 C), while the half-cell containing the working electrode and the Vycor junction to the reference electrode is under thermostatic control with a water bath. The temperature was varied from 5 to 40 C. With this experimental configuration, the reaction entropy for reduction of the oxidized ferredoxin (DS' rc ) is given by [50, 51, 52] :
Thus, DS' rc was determined from the slope of the plot of E' versus temperature which turns out to be linear under the hypothesis that DS' rc is constant over the limited temperature range investigated. With the same assumption, the enthalpy change (DH' rc ) was obtained from the Gibbs-Helmholtz equation, namely from the slope of the E'/T versus 1/T plot. The non-isothermal behavior of the cell was carefully checked by determining the DH' rc and DS' rc values of the ferricyanide/ferrocyanide couple [50, 51, 52, 53] . For each protein, the experiments were performed at least two times and the reduction potentials were found to be reproducible within 2 mV. The pH of the samples was changed by adding small amounts of NaOH or HCl under fast stirring.
Results and discussion
Reduction thermodynamics of low-potential ferredoxins
The E'/T profiles for ten different low-potential Fe-S proteins, measured with non-isothermal experiments carried out from 5 to 40 C at pH 7, are shown in Fig. 1 . The reduction entropy (DS' rc ) and enthalpy (DH' rc ) values, determined from the slope of the E' vs. T and the E'/T vs. 1/T plots, respectively, are listed in Table 1 along with the same parameters measured by others for homologous species through variable temperature direct electrochemistry or spectroelectrochemical experiments [23, 24, 25, 26, 27, 28, 29, 30, 31, 32] . Table 1 lists, overall, the redox thermodynamics for twenty Fe-S proteins. In addition, we have included the data for a cytochrome b 5 [42] , which is another metalloprotein with negative E' values. In addition, Table 1 lists the enthalpic and entropic contributions to E' (±DH' rc /F and TDS' rc /F, respectively), which are also reported in the histogram of Fig. 2 to facilitate discussion.
The enthalpic term
At variance with high-potential electron transport proteins (blue copper proteins, cytochromes c, and HiPIPs), which invariably undergo an enthalpy loss on reduction, responsible for the positive reduction potentials [8, 13, 33, 34, 35, 36, 37, 38, 39] , low-potential Fe-S proteins show reduction enthalpies which may be positive or negative (Table 1, Fig. 2) . Notably, the sign of DH' rc is conserved within each protein family containing a given cluster type (with only a few exceptions). This is a remarkable feature that nicely fits with PDLD (Protein Dipoles Langevin Dipoles) calculations carried out for a number of different Fe-S proteins [6, 7] which indicate that the major contribution to the electrostatic interaction of the cluster with its environment comes from the peptide dipoles of the nearby polypeptide chain. Given that proteins containing the same cluster are in general related by a high sequence identity, particularly at the cluster/polypeptide interface, this interaction is rather conserved. Thus, it is apparent that the coulombic interactions of the cluster with the peptide dipoles, which are peculiar for each ferredoxin family possessing a given cluster type, exert a major role in the control the enthalpic contribution to the reduction potential within the family. Another contribution comes from the cluster accessibility to the solvent that appears to be rather conserved as well [1, 6, 7] .
Since the ranges of variability of the DS' rc values within the various protein families do not differ dramatically (Table 1, Fig. 2 ), the reduction enthalpy turns out to be the main determinant of the differ-ences in reduction potential among species containing different Fe-S centers. In this respect, we note that the sign of the DH' rc values considered as a function of the nuclearity of the Fe-S cluster reverses (with very few exceptions) on passing from one family to another, inducing a sort of ªup and downº behavior of the E' values (Table 1, Fig. 2) . Interestingly, the change in the electrostatic interaction energy of the cluster with its environment associated with the electron uptake calculated with the PDLD methodology (Dv) shows an analogous alternating behavior as a function of the number of iron atoms in the cluster [6, 7] . However, taking into account that an increase in Dv corresponds to a stabilization of the reduced form [6, 7] (i.e., should induce a decrease in the DH' rc value), it turns out that the expected effect of the electrostatic interactions of the cluster with the protein and solvent on the reduction enthalpy on passing from one cluster type to another is opposite to the experimental variation of DH' rc . Thus, it is apparent that the intrinsic contribution of the cluster to the DH' rc value (namely the metal-ligand electronic interactions including resonance and orbital overlaps within the cluster which may favor one of the two redox states) is the ultimate determinant of the differences in reduction enthalpy among the various protein families. In particular, this contribution would induce the marked stabilization of the oxidized state on passing from the mononuclear Fe center of rubredoxins to the diiron center of 2-Fe Fds and, proceeding along the series, the stabilization of the reduced state for the species containing the cuboidal Fe 3 S 4 cluster and again of the oxidized state for the 4-Fe Fds. It is a fact that this work and the PDLD study have been carried out on partially different protein sets. However, the above-mentioned homogeneity in the DH' rc and Dv values within each protein family, due to the high sequence identity of the members, supports the reliability of this comparison. On the other hand, the work by Stephens and Warshel [6, 7] is the only systematic investigation available for low-potential Fe-S proteins that quantifies all the factors contributing to proteincluster electrostatics and cluster-solvent interactions that are among the determinants of the reduction enthalpy.
In the following discussion, the differences in the DH' rc values among the various protein families will be discussed with reference to the structural information available from crystallographic and solution NMR studies for the species considered in this work, focusing on the electrostatic interaction of the cluster charge with the protein environment and the solvent. We anticipate that the observations herein are invariably in line with those emerged from the comparisons of the Dv values obtained from the PDLD calculations, and in some cases allow interpretation of the behavior of the outliers of a given family. For each family, the intrinsic contribution of the cluster to DH' rc will be discussed on the basis of the information available on the redox properties of model complexes.
Rubredoxins
These species, which contain a mononuclear [Fe(Cys) 4 ] ±1/±2 center [5, 54] , show remarkably negative DH' rc values. Therefore, it is apparent that ligand binding interactions and the electrostatics at the metal center stabilize the reduced over the oxidized [a] protein [b] E' Isothermal experiment. The temperature dependence of E' using this experimental configuration provides the thermodynamics for the complete cell reaction (DH' and DS'). The entropy change for the half-cell reaction involving reduction of the oxidized form of the protein (DS' rc ) is calculated from DS' using the relationship: DS' rc =DS'+65.2 (J´mol ±1´K±1 ) [49] . The DH' rc is then calculated from the E' value [f] Bulk EPR spectroelectrochemical titrations [g] 50 mM Tris-HCl, 0.1 M NaCl, pH 8.0 [h] Values from spectroelectrochemical data obtained from non-isothermal OTTLE experiments [i] These values refer to the temperature range 30±55 C and were determined from the published E'/T profile of the only voltammetric peak detected for the 2-Fe and 4-Fe centers present in the protein [23] .
[l]
The wave corresponding to this cluster is close to that of the 4-Fe center of the same protein (see below) and is scarcely resolved. As a consequence, the enthalpy and entropy values are affected by a greater uncertainty than the others reported in this work [m] 50 mM HEPES, pH 7.0 [n] Protein containing two equivalent Fe 4 S 4 clusters [o] Values from non-isothermal EPR and UV-VIS redox titrations. 100 mM Tris-HCl, pH 7.7 [p] Values determined from the E'/T profile in the range 20±50 C reported in [23] [q] 25 mM MOPS, pH 7.2 [r] 100 mM HEPPS, 100 mM KCl, pH 8.5 [s] 10 mM TES/K + , 65 mM NH 4 Cl, pH 7.0 [t] Values for the Fe 4 S 4 cluster of the assimilatory monomeric sulfite reductase (ASiR) obtained in 10 mM phosphate buffer, 10 mM NaCl, pH 7.0 state. We note that the rather hydrophilic environment of the metal center and the accessibility of two of the binding cysteines to the solvent are indeed consistent with the selective stabilization of the more negatively charged reduced state. This state is likely to be further favored by the decrease in the average NH-S(Cys) hydrogen bond distance induced by the electron uptake, which has been observed from the X-ray structures of both redox states of P. furiosus Rb [55] .
Moreover, molecular dynamics (MD) simulations for the species from P. furiosus [56] and C. pasteurianum [57] show that reduction induces a conformational change that increases the accessibility of the metal site to the solvent in such a way as to allow penetration of water molecules in a sort of channel between the metal site and the protein surface. In addition, these calculations show that the main chain peptide dipoles and the polar side chains become more compact on reduction. All these effects contribute to the stabilization of the reduced state and most likely also affect the reduction entropy (see below).
Species with a dinuclear [Fe 2 S 2 (Cys) 4 ] ±2/±3 center Of the five species considered here, four show positive DH' rc values. These include S. platensis Fd (which has been structurally characterized) [58] , the 70% sequence homologous species from spinach and P. umbilicalis [59] , and the 2Fe center of T. maritima hydrogenase. Bovine adrenodoxin instead behaves as a class outlier (Table 1 ) [26] . Hence, reduction of these species turns out to be disfavored on enthalpic grounds. However, the X-ray and NMR data available for 2Fe Fds isolated from different sources, which are highly homologous at the cluster-protein interface, indicate that the electrostatic interactions of the dinuclear cluster with the environment are such as not to ) state, with the more reducible iron located near the protein surface in a strongly hydrophilic environment [60, 61] . This should contribute to stabilize the negative charge introduced upon reduction. The metal center is also involved in a number of hydrogen bonds (from six to eight), which is comparable or even larger than that in rubredoxins. In addition, the structures of the species from Anabaena [62, 63] , which are highly homologous to that from S. platensis, show the presence of an array of internally H-bonded, ordered water molecules located between the cluster and the protein surface. These observations, along with PDLD calculations carried out for a large number of Fe 2 S 2 species [7] , show that, if it were only for the interactions of the cluster with the protein environment, this protein class should display negative DH' rc values, possibly even more negative than rubredoxins. The only factor that would stabilize preferentially the oxidized state in 2-Fe Fds as compared to Rbs is the somewhat smaller exposure of the metal center to the solvent, measured as the average solvent accessibility per cysteine residue (6.5 vs. 2± formed by the same ligand, which is a model analogue of rubredoxin, measured in the same solvent (DMF) (±1500 vs. ±1030 mV, respectively) [64, 65] . Since it is not unreasonable to assume that the entropic factors related to solvation properties in these two species do not differ dramatically, the preferential stabilization of the oxidized over the reduced state in the dinuclear center is attributable to an inherently enthalpic effect. The much higher potentials of the metal clusters in proteins measured in aqueous solution as compared to the model compounds [5, 21, 66, 67, 68] are most likely related to the higher dielectric constant of water and to the presence of H-bonding that stabilize the more negatively charged reduced state [1] .
The electrochemical response of the 2-Fe centers of Thermotoga maritima hydrogenase is indistinguishable from that of the 4-Fe centers throughout the temperature range investigated (30±80 C) [23] . This indicates that the reduction thermodynamics of the two cluster types [69] are very similar, in line with the results for the 4-Fe centers presented below. This species, which is a homotetramer of M r 280,000 [70] , has not yet been structurally characterized. However, the similarity of the DH' rc value with that of the other 2-Fe species would suggest that the nature of the cluster environment is rather similar.
The negative DH' rc value determined for bovine adrenodoxin (Adx) [26] cannot be interpreted safely with the data at hand. In fact, no PDLD calculations of the electrostatic interactions of the cluster with the polypeptide matrix and the solvent are available at present for this species and the three-dimensional data do not show sensible differences in the accessibility of the cluster to the solvent, the number and orientation of the peptide dipoles and the hydrogen bonding network involving the cluster as compared to the above ferredoxins [71] . However, it is interesting to note that spectroscopic data show that Adx, at variance with the above species, undergoes a reduction-induced conformational change which in principle might play a role in the enthalpic stabilization of the reduced state. In particular, such a change has been suggested to involve a motion between the two protein domains of Adx, one of which contains the cluster and the other is involved in the interaction with the physiological partner [72, 73, 74, 75] . We may tentatively propose that such a change increases the H-bonding network or the polarity of nearby residues or the solvent accessibility of the Fe 2 S 2 center in the reduced form. All these hypotheses must be considered with caution in the light of the fact that Adx has been recently shown to possess a low thermal stability [76] , which may affect the thermodynamic data. 2± species mentioned above (±1060 vs. ±1500 mV) [65, 67] . Two observations are pertinent here. First, the above comparison is made on complexes with different ligands in different solvents (DMF and MeCN) that might in principle contribute to both the enthalpic and entropic contributions to the potential variation. Second, the structure of the reduced [Fe 3 S 4 ] 0 cluster in the 7-Fe Fd from A. vinelandii, the only species containing a Fe 3 S 4 cluster which has been structurally characterized in both redox states [79] , is found to be significantly distorted with respect to the synthetic analogue [67] , and shows essentially the same structure of the oxidized [Fe 3 S 4 ] +1 center [79] . This strongly suggests that the protein enforces an entatic state upon the metal center [79] , that must affect the inherent enthalpic contribution of the cluster to the reduction potential. Translation of such an effect in terms of selective stabilization of a given redox state is not straightforward. Thus, caution must be used in this case to transfer the observations on the redox properties of model complexes to the same centers in proteins. It is a fact, however, that the potential differences between 3-Fe and 2-Fe centers (and between 3-Fe and 1-Fe as well) outside the protein environment would account, to a first approximation, for the observed differences in reduction enthalpy in the corresponding proteins. Hence, the afore-mentioned effects seem not to be dramatic. As far as the role of the protein matrix is concerned, the above X-ray data show that the electron uptake at pH 8 causes a reorganization of some charged residues near the cluster that increases the interaction with water molecules, thus inducing a closer approach of the solvent to the cluster [79] . In case the interaction involved the two iron ions with an average oxidation state of +2.5, the reduced state would be favored, but this is still unknown. On the other hand, the decrease in the average NH-S hydrogen bond length upon reduction, that would stabilize the reduced state, as observed for rubredoxins [55] , is not significant in this case. Of course, it remains to be established whether the above invariance of the cluster geometry and the structural changes on reduction also occur for the other members of the 3-Fe Fds family. Fig. 2 ). Thus, in these ferredoxins the oxidized state turns out to be selectively stabilized over the reduced state on enthalpic grounds. However, the calculated electrostatic cluster-environment interactions do not account for this effect, given that the Dn values turn out to be comparable to those for 3-Fe Fds [6, 7] . We also note that, among the metal centers in ferredoxins, this cluster shows the largest average solvent accessibility per binding cysteine (10.0 2 /Cys [1]) and is involved in the largest number of hydrogen bonds with the amide NH groups. These features would contribute to stabilize the more negatively charged reduced state. Moreover, it has been found that in both 4-Fe clusters of C. pasteurianum Fd the extra-electron upon reduction delocalizes on two iron atoms, one of which is bound to the most solvent-exposed cysteine residue, thus contributing to the stabilization of the reduced state [1, 80] . Hence, the preferential enthalpic stabilization of the oxidized (±2) over the reduced (±3) state of the [Fe 4 S 4 (Cys) 4 ] cluster as compared to the 3Fe cluster, which possesses the same overall charges, must be due to the inherent properties of the polymetallic centers. This is consistent with the potential order of E([Fe 4 S 4 (LS 3 )L'] 2-/3-)E([Fe 3 S 4 (LS 3 )] 2-/3-) invariably found for model thiolate complexes with different ligands and solvents [67, 81, 82, 83, 84, 85] . In fact, if we assume, as it seems to be reasonable to first approximation, that the entropic factors related to solvation properties and the nature of the ligands are of minor relevance in the reduction process and do not change much for different ligands, this observation suggests an inherent order for the reduction enthalpy of:
). Consistently, a positive reduction enthalpy is determined from the temperature dependence of the reduction potential of a synthetic Fe 4 S 4 -peptide complex involving a cysteinyl-Fe ligation reproducing in part the environment of P. aerogenes Fd [86] . The 4-Fe clusters in model thiolate complexes reproduce closely the geometric features of the same metal centers in proteins [67, 79] , so apparently no entatic states occur in these species. Moreover, conversion of a 3-Fe cluster into a 4-Fe cluster in the same protein, either native [see, for example, D. gigas FdI and FdII (Table 1) ] or subject to mutation [87, 88] , results in a decrease in E' of approximately 250±300 mV. The opposite 4-Fe to 3-Fe transformation obtained with mutations of the binding aspartate in P. furiosus Fd originates a potential increase of a similar magnitude [27] .
The determinants of the negative E' values of 4-Fe ferredoxins (from ±450 to ±650 mV), whose metal center interconverts between the ±2/±3 states, and of the positive values (from +90 to +450 mV) for HiPIPs which contain an identical cluster with ±1/±2 as the accessible states have been extensively debated [1] .
Comparison of the thermodynamic parameters of Fds (Fig. 2) with those of HiPIPs (Fig. 3) [8, 13, 38, 39] indicates clearly that the difference in reduction potential between the two families is mostly enthalpic in origin, thereby confirming a suggestion made previously from the comparison of only a few species [28] . This is in agreement with PDLD calculations of the electrostatic interaction of the cluster with its environment [6, 7] which show that the different redox couples accessible to the cluster in the two families are determined mostly by differences in the number of favorably oriented main chain peptide dipoles in the surroundings of the cluster (i.e., with the positive end toward the cluster). In particular, the greater number of these dipoles in Fds as compared to HiPIPs stabilizes the more negative ±2/±3 couple in the former family and prevents accessibility of the ±1 state. The more pronounced solvent accessibility of the cluster and the larger number of H-bonds between the inorganic and cysteine sulfur atoms of the Fe-S cluster with main chain NH peptide groups in Fds as compared with HiPIPs are likely to provide an additional contribution to the stabilization of the greater electron density of the metal core in Fds [6, 17, 22] .
Overall, the data presented here afford evidence that the gross variation of the reduction enthalpy, first of all regarding the sign, as a function of the nuclearity of the cluster in low-potential Fds, is determined by differences in the selective stabilization of the two redox states of the Fe-S center due to intrinsic coordinative and electronic features. Given that the entropic term does not dramatically change throughout the series, the same factors are responsible also for the gross modulation of E' of Fe-S proteins. The protein matrix and the aqueous environment thus would appear to shift upward the potential of the metal centers as compared to the model complexes in organic solvents, without altering the inherent order of the E' values. The enthalpic contribution to the potential within each protein family is then tuned to a smaller extent, yet relevant in some cases, by different factors related to the protein environment and the solvent which may differ from family to family, also in relation to the protein size [1] . Also entropic factors may contribute heavily to these variations.
Substitutions in cluster cysteinate ligation
One further comment is devoted to the enthalpic effects induced by non-cysteinate iron ligation, either naturally occurring or induced by residue mutations. The presence of an aspartate instead of the conventional cysteinate ligand in P. furiosus 4-Fe ferredoxin does not much alter the DH' rc values as compared to those observed for a tetracysteinate binding [27] . On the contrary, insertion of a serine in place of the aspartate ligand in the above species remarkably increases the reduction enthalpy, i.e., lowers the reduction potential [27] . An analogous effect has been observed for Cys to Ser ligand mutation in HiPIPs (Fig. 3) [8], rubredoxins [54, 89] , and simple tetrathiolate Fe(III) complexes [90] . The selective stabilization of the oxidized over the reduced state following substitution of a carboxylate and a thiolate ligand with a stronger s-donating alkoxide ligand is the result of the decrease in the effective nuclear charge Z' eff of the redox site. On the other hand, the smaller difference in donor strength between an aspartate and a cysteinate group is such as not to induce sensible effects. Substitution of the cysteine ligand with His, Gln and Tyr in P. furiosus 4-Fe ferredoxin results in the transformation of the Fe 4 S 4 cluster in an Fe 3 S 4 center, since the greater steric hindrance of the substituting ligand prevents the assembly of the fourth iron [27] . The changes in reduction enthalpy of the mutants as compared to the native P. furiosus Fe 3 S 4 ferredoxin [27] are relevant only for the His and Tyr mutants, likely due to aromaticity of these residues that contributes to alter the electrostatic potential at the cluster. Fig. 3 Histogram showing the reduction potential (black column) and the enthalpic (±DH' rc /F) and entropic (TDS' rc /F) contributions to E' (white and gray column, respectively) for a number of HiPIPs. 1, R. globiformis [13] ; 2, R. gelatinosus [13] ; 3, R. tenuis [13] ; 4, E. vacuolata iso-1 [13] ; 5, E. vacuolata iso-2 [13] ; 6, C. vinosum [13] ; 7, C. vinosum [8]; 8, C77S mutant of the species from C. vinosum [8]; 9, E. halophila iso-1 [39] . Species 1 to 6 were investigated in 10±20 mM Hepes, pH 7.5 [13] ; species 7 and 8 in 50 mM phosphate buffer, pH 7 [8], and species 9 in 50 mM phosphate buffer, 150 mM KCl, pH 7 [39] The entropic term Reduction of low-potential Fe-S proteins is almost always accompanied by an entropy loss (Table 1) . Negative reduction entropies were also invariably found for cytochromes c [33, 34, 40] , blue copper proteins [35±37], and HiPIPs [8, 13, 38, 39] which possess positive reduction potentials. Hence, for all the known classes of electron transport metalloproteins, the entropy change disfavors reduction and tends to lower the reduction potential. This common behavior of species which perform an analogous biological function, but are unrelated in terms of polypeptide sequence, structural features, and nature of the metal center, must originate from similar changes in structural, dynamic, and solvation properties following electron uptake, that are functional to the physiological role for reasons that do not emerge clearly at present. It is a fact, however, that this is a key feature of the strategy that nature adopts to modulate the reduction potential of these species, hence the driving force affecting the kinetics of the electron transfer between redox partners in biology. It is indeed important to point out that the entropic contribution to the reduction potential is relevant in most cases and may often change remarkably among members of the same protein family (Figs. 2 and 3) . It follows that this contribution heavily affects the variations of E' values among homologous species. This might explain the only partial success of the theoretical calculations aimed at establishing structure/E' relationships in redox metalloproteins, which indeed focused entirely on electrostatic factors that influence predominantly the enthalpic contribution to E'.
1
The determinants of the entropy change for binding events in aqueous solution involving macromolecules, which are accompanied by solvent reorganization effects, are still not understood in detail [91±94]. Even less is known for reduction reactions. Previous work on other electron transport metalloproteins, such as cytochromes c and blue copper proteins [33, 35, 95] , has shown that the entropy change of the redox process is mainly due to the differences between the two redox states in 1.1the flexibility of the polypeptide chain, intended as the sum of the conformational (vibrational, torsional) degrees of freedom and 2.1solvation properties, related to the structure of the hydrogen bonding network in the hydration sphere of the molecule. In particular, the negative DS' rc values for cytochromes c are consistent with the decreased flexibility of the polypeptide chain of the reduced form as compared to the oxidized form, as indicated by solution NMR structures, amide proton exchange rates [96, 97] and 15 N relaxation measurements [98] , and possibly to the release of water molecules from the hydration sphere to the bulk solution [99] . The same factors might be operative in blue copper proteins, for which the reorganization of water molecules onto the protein surface near the copper center following reduction has been suggested to play a role [35] . By analogy, it is likely that similar phenomena are responsible for the negative DS' rc values for high and low-potential ferredoxins. Unfortunately, very little is known at present from solution NMR structures about the reduction-induced changes in these species. The crystallographic data may certainly be of use, although for some aspects they must be considered with caution. In fact the information on the dynamics of the polypeptide chain provided by the thermal parameters may not reproduce the real dynamics of the molecule and the information on the solvation properties of the protein is only partial since it refers only to the water molecules which are strongly bound to high affinity sites, while also those that are in fast exchange with the bulk water may contribute to the entropy change.
Of the proteins considered in this work only the rubredoxin from P. furiosus has been structurally characterized in both redox states [55] . One of the factors that may contribute to the negative reduction entropy might be the reduction-induced increase in solvent accessibility of the metal site, also indicated by molecular dynamic calculations [56, 57] , that results in the presence of water molecules in a sort of channel formed between the protein surface and the site itself. These water molecules would form indeed a low-entropy internally H-bonded aggregate. An analogous mechanism, involving the formation of an ordered H-bonded array of water molecules, associated with the conformational change of Adr [71±75] may be tentatively proposed to contribute to the highly negative DS' rc value of this species. 1 As noted by one reviewer, the entropy contribution due to changes in the protein flexibility is still an electrostatic effect. That is, when the electrostatic interaction with the redox center decreases the protein residues and main chain can move more. The same is true for water molecules near charges (which will become more polarized when the charge increases). This is complicated by another electrostatic effect where the solvent frees to penetrate more deeply in order to increase the solvation thus forcing the protein to partially unfold (e.g., cytochrome c). These effects should be captured in models that use the Linear Response Approximation (LRA) and consider explicitly the protein reorganization, such as the MD-PDLD calculations (Eq. 12 in [7] ). However, we note that despite the significant improvement as compared to the static PDLD calculations, important differences between the calculated and experimental DE values still exist. Even if these effects do not follow exactly the LRA they can be captured by free energy perturbation (FEP) electrostatic calculations [100] , which in principle take on account all free energy contributions (including entropy) associated with the charge change process. But the problem is that it is hard to obtain converging results.
Comparison of mesophilic and thermophilic species
The Fe-S proteins from the thermophilic bacteria P. furiosus [24, 27] , B. schlegelii [77, 78] , and T. maritima [23] do not show peculiarities with respect to the homologous species from mesophilic organisms either regarding the absolute values of reduction potentials and thermodynamic parameters or in terms of enthalpy-entropy relationships (Table 1, Fig. 2) . Hence, it is likely that the observation made for mesophilic and thermophilic rubredoxins [30] , namely that the factors responsible for the thermostability do not affect the thermodynamics of the redox process, can be extended to the Fe-S proteins in general. This is in line with recent findings that relate protein thermostability to the optimization of the network of interactions, mainly including surface salt bridges, among polypeptide segments far from the metal center [101, 102, 103, 104] . These interactions thus appear not to alter in a systematic way either the coordination sphere and the electrostatics at the metal center, or the differences in protein rigidity and solvation properties between the two redox states.
Cytochrome b 5
The negative E' value of this species is almost completely enthalpic in origin. In fact, there is almost no entropy change associated with protein reduction (Table 1, Fig. 2 ) [42] . The positive DH' rc value is clearly the result of the selective stabilization of the oxidized heme due to the bis-histidine axial heme ligation. Indeed, the presence of a Met (which is a soft ligand) in place of one His as axial ligand in cytochromes c leads to the preferential stabilization of the ferrous state, hence to negative DH' rc values [33, 52] . The absence of significant entropic effects accompanying reduction of this species do not have an obvious explanation. Solution NMR studies and molecular dynamics calculations [42, 105] show that, as in cytochromes c, the oxidized state has a somewhat greater conformational flexibility than the reduced state. This should result in a negative contribution to DS' rc . Hence, other factors, most likely related to oxidation state-induced changes in solvation properties, are likely to induce compensating (positive) entropic contributions.
Conclusions
The extensive investigation of the reduction thermodynamics of low-potential iron-sulfur proteins described in this work brings forth the following conclusions: 1.1the sign of the reduction enthalpy is conserved within each protein family containing a given cluster type: this is consistent with the fact that the interactions of the cluster with the protein environment and the solvent are similar; 2.1differences in these interactions among members of the same family induce more limited enthalpy changes; 3.1the reduction enthalpy is responsible for the gross modulation of the reduction potential as a function of the nuclearity of the cluster: a major role in this modulation is played by the inherent properties of the Fe-S cluster in terms of selective stabilization of one of the two redox states by ligand binding interactions; 4.1in fact, the reduction entropy is almost invariably negative, hence contributes to lower the potential of all ferredoxins, independently of the nature of the metal center; 5.1the reduction entropy may change remarkably among the members of the same class possessing a given cluster type, thereby contributing to the only partial success of electrostatic models in reproducing variations in E' among homologous species; 6.1the different redox couple accessible to the 4-Fe cluster in HiPIPs as compared to low-potential Fds is entirely due to enthalpic effects related to the electrostatic interactions of the cluster with the proteins matrix and the solvent, in agreement with theoretical studies.
